The electron population inferred to be responsible for the mini-halo within the Ophiuchus galaxy cluster is a steep power-law in energy with a slope of 3.8. This is substantially different to that predicted by dark matter annihilation models. In this work we present a method of indirect comparison between the observed electron spectrum and that predicted for indirect dark matter emissions. This method utilises differences in the consequences of a given electron distribution on the subsequent spectral features of synchrotron emissions. To fully exploit this difference, by leveraging the fact that the peak and cut-off synchrotron frequencies are substantially different to hard power-law cases for WIMP masses above ∼ 50 GeV, we find that we need µJy sensitivities at frequencies above 10 GHz while being sensitive to arcminute scales. We explore the extent to which this electron spectrum comparison can be validated with the up-coming ngVLA instrument. We show that, with the ngVLA, this method allows us to produce far stronger constraints than existing VLA data, indeed these exceed the Fermi-LAT dwarf searches in a wide variety of annihilation channels and for all studied magnetic field scenarios.
INTRODUCTION
As highly Dark Matter (DM) dominated environments galaxy clusters might be expected to yield strong indirect DM signatures. However, gamma-ray searches have, so far, been fruitless (Zimmer 2015) . This has strengthened the arguments of Colafrancesco et al. (2006) to explore the potential of radio emission as an indirect probe in clusters. Historically this has been difficult due to a lack of information about the magnetic field configuration in these environments (Storm et al. 2017 ), a similar difficulty to that in galaxy and dwarf galaxy searches Egorov & Pierpaoli (2013) ; Regis et al. (2015) ; Chan (2017) ; Regis et al. (2017) ; Beck (2019a,b) ; Chan et al. (2019) . However, recent advances, such as the rotation measure study in Bonafede et al. (2010) , have allowed the Coma cluster in particular to produce more powerful, and robust, indirect DM constraints from diffuse radio emissions (Beck & Colafrancesco 2016) . So far, something that has not been fully leveraged in DM searches is the fact that DM indirect radio emissions are highly nonthermal and, moreover, have distinctly different energy spectra to the more mundane astrophysical power-law phenomena. The sense in which this E-mail: geoffrey.beck@wits.ac.za property would be fully leveraged would be if one could find an indirect means of comparing the observed electron energy spectra producing non-thermal diffuse emission, in DM dominated environments, to the predicted electron spectra injected by DM annihilation/decays. The ideal scenario being a hard power-law spectrum inferred in a target environment contrasting with the far softer spectra that result from DM processes when the particle mass O(10) GeV. Such observations, however, can be most easily realised when a multi-frequency strategy is employed, as the convolution of electron and magnetic contributions must be disentangled. Once this is done, it is proposed here that the electron spectra comparison can be conducted indirectly through extrapolated synchrotron spectra produced under the same set of magnetic field assumptions. The synchrotron spectrum is used as a proxy as it's extrapolation towards spectral cut-off frequencies, where DM effects are most distinct from hard power-laws, can be probed by up-coming experiments like the next-generation Very Large Array (ngVLA).
In Murgia et al. (2010) the authors make use of both radio and X-ray data to constrain both the volume average of the magnetic field and the non-thermal electron population responsible for the observed radio mini-halo within 7 of the centre of the Ophiuchus cluster. This is done by assumption that a single electron population produces both the non-thermal radio and X-ray emissions. This electron population is found to have a steep power-law slope ∼ 3.8, which, combined with the volume averaged magnetic field strength of 0.3 µG, suggests a synchrotron spectrum cutting off rapidly above O(1) GHz ). This can be supplemented by radial profile of the electron density in Ophiuchus found in Werner et al. (2016) , which is well-fitted by a profile of the same form as found in Briel et al. (1992) for the Coma cluster. This similarity can be pushed one step forward by assuming the magnetic field profile will also follow the electron density, as found by Bonafede et al. (2010) in the case of Coma. With these ingredients in hand one can compare the predicted DM radio emissions in Ophiuchus to only the synchrotron radiation from the non-thermal electron population. This is only possible when we can determine the electron population responsible for a given radio emission independent of magnetic field assumptions, which necessitates a multi-frequency approach. In this work we present the results of the indirect comparison of the energyspectra of the observed electron population in the Ophiuchus mini-halo and that predicted for DM injection. This is facilitated through the drastically different synchrotron cutoff and peak frequencies for WIMP masses O(10) GeV. Importantly, for µG magnetic fields in galaxy clusters, discrimination of the synchrotron cut-off requires that measurements of radio emissions at frequencies above 10 GHz can be made on arcminute scales down to sensitivities of at least the µJy level. We therefore demonstrate the indirect electron spectrum comparison at a level of sensitivity motivated by the up-coming ngVLA at frequencies below 100 GHz 1 . This is done by extrapolating the synchrotron spectra to a maximum frequency chosen according to ngVLA observability. We demonstrate that, for a variety of potential magnetic field geometries, the constraints on the DM annihilation cross-section are far better than from existing VLA data and even exceed those from Fermi-LAT from dwarf galaxies Ackermann et al. (2015) ; Albert et al. (2017) over a range of WIMP masses above 50 GeV.
This work is structured as follows: section 2 discusses the calculation of DM radio emissions, 3 details the modelling of Ophiuchus cluster environment, results are displayed in section 4, and finally conclusions are detailed in 5.
DM RADIO EMISSIONS
The source function for electrons/positrons from DM annihilation is given by
where σV is the velocity averaged annihilation crosssection, f is the label of intermediate state ( To calculate the synchrotron power per electron of energy E we use (Longair 1994 )
with
and
This is converted into a flux first using an emissivity:
and then integrating over the studied volume
with D L being the luminosity distance to the centre of the target.
To account for diffusion and energy-loss by electrons produced by annihilation we find the equilibrium solution to the equation
where D and b are diffusion and energy-loss functions. We use the solution detailed in Colafrancesco et al. (2006) with the diffusion and loss functions given by
where D 0 = 3.1 × 10 28 cm 2 s −1 , B is the average magnetic field strength, and
where γ is the electron Lorentz factor, n is the average electron density, while b IC , b synch , b col , and b brem are the inverse-Compton, synchrotron, Coulomb, and bremsstrahlung energy-loss factors. These are given, in units of 10 −16 GeV s −1 , by 0.25, 0.0254, 6.13, and 1.51 respectively. In this case we consider inverse-Compton scattering off cosmic microwave background photons.
OPHIUCHUS CLUSTER ENVIRONMENT

Electron distribution
We make use of Chandra observations (Werner et al. 2016) in our calculation of the spatial distribution of the electron population within Ophiuchus. To the data of Werner et al. (2016) we fit the following radial profile motivated by studies of the Coma cluster (Briel et al. 1992 )
where n 0 = 0.29 ± 0.015 cm −3 , r c = 0.99 ± 0.12 kpc, and β = −0.41 ± 0.012 are found by fitting the data. We therefore use n = 0.017 cm −3 as the average electron density (note that this average was found within a 7 radius and was weighted by the square of the DM density to better reflect the environment for the bulk of annihilations).
Non-thermal electrons
We will follow Murgia et al. (2010) in their finding that the non-thermal electron population, in the energy range γ = 300 and γ = 3 × 10 4 , has a power-law slope of p = 3.83 +0.38 −0.44 with normalisation k 0 = 0.53 +6.16 −0.52 cm −3 . In the interests of seeing the interaction of the spatial profiles of magnetic field and electron density we will further assume this population follows a spatial distribution of the same shape as above. This spatial distribution will be normalised so that its volume average over a radius of 7 matches the power-law amplitude k 0 .
Magnetic field
The radio study of Ophiuchus in Murgia et al. (2010) determined a volume-averaged magnetic field strength of 0.3 +0.11 −0.07 µG within a radius of 7 from the cluster centre. We will assume the magnetic field follows a similar profile to that in Coma cluster (Bonafede et al. 2010 )
We note that with only a single data point from the volume average we can only constrain either B 0 or η and leave the other free. For the purposes of calculating B we find the volume average within a 7 radius weighted by the square of the DM density to better reflect the environment for the bulk of annihilations (this is important as functions D and b have no spatial dependence in the solution we employ).
Chosen environmental values
We elect to allow η to take values in the range allowed in Coma (Bonafede et al. 2010 ) and then choose k 0 , B 0 , and p (from the allowed range for Ophiuchus) to best fit the minihalo spectrum from Murgia et al. (2010) . The values we find are tabulated in Table 1 . The spectral extrapolations with sensitivity levels are displayed in Figure 1 .
DM halo
In this work we will derive the parameters of the dark matter halo in Ophiuchus from optical studies performed in Durret et al. (2015) . Thus, we use M vir = 1.1 × 10 15 M , Table 1 . Environmental variable choices. η is allowed to range freely across the values found for the Coma cluster in Bonafede et al. (2010) and the others are found as best fits within the ranges from Murgia et al. (2010) . 
with ρ s set by normalisation and r s = 0.7 Mpc. Importantly, we use no form of substructure boosting factor in this work.
RESULTS
Since DM radio emissions are highly non-thermal we propose in this work to derive constraints on DM annihilation by comparing only to the synchrotron emission sourced from the non-thermal electron population in the target object. In the case of Ophiuchus Murgia et al. (2010) determined this by assuming a single power-law population was responsible for the synchrotron and X-ray emissions. We will use their non-thermal population and calculate the expected synchrotron emissions and then compare this to the DM predictions.
In Figure 2 we display the constraints found by comparison of the non-thermal synchrotron emissions and DM predictions. This figure covers the range of magnetic field models that we have studied. The case we display extrapolates the Ophiuchus mini-halo spectrum up to frequencies where DM predictions change the synchrotron cut-off, the maximum frequency chosen is such that the DM flux is in 2σ excess above the mini-halo extrapolation, which has a minimum flux of 0.5 µJy at the maximum extrapolation frequency. This minimum flux is chosen to be similar to the 1 hour continuum rms per beam of the ngVLA baseline design 2 , which ranges between 0.2 and 0.7 µJy over the ngVLA frequency bands. The principle feature of Fig. 2 is that above 30 GeV WIMP masses the results found here exceed those drawn from the existing VLA data points ) by around 2 orders of magnitude in all annihilation channels. Additionally, these results better Fermi-LAT dwarf searches for WIMP masses > 50 GeV in all but the b-quark and Wboson channels. In the lepton channels our results improve on Fermi-LAT by around an order of magnitude. In the case of bb and W + W − these achieve around a factor of 2 better than Fermi-LAT at masses above 1 TeV. It is worth noting that, with our use of a radial profile for magnetic field and electron distributions, the synchrotron cut-off is less severe than in the fitting done by Murgia et al. (2010) , so this aspect of our modelling is not making the results unduly optimistic. Importantly, given the chosen minimum detectable flux, very similar results are achieved across the range of magnetic field models studied.
In Figure 3 we display a similar set of results to Fig. 2 but we assume a minimum flux of 0.1 µJy as observable. The effects on the weaker central magnetic field case are stronger as the extrapolation falls off more dramatically at lower frequencies (see Fig. 1 ), producing a more significant clash with the softer DM spectrum. However, the effect on both scenarios is substantial, improving the constraints by nearly a factor of 5 and extending the range in which the bb and W + W − exceed Fermi-LAT limits to above 200 GeV WIMP masses. The fact that the weaker magnetic field can produce stronger constraints is remarkable in the study of indirect DM radio emissions and will be remarked upon further below. This brings us to the discussion of both the strong potential of this constraint approach and why it responds as it does to the choice of magnetic field geometry. The latter point can be addressed by noting the steepness of the powerlaw slope that characterises the non-thermal emitting electron population, being around ∼ 3.8. This is very different to energetics of electrons from DM-based injection Cirelli et al. (2011); Ciafaloni et al. (2011) which tend to be much flatter and cut-off around the WIMP mass. This means that a non-thermal population produced by DM injection will likely have a far softer spectrum in energy. Thus, with a given magnetic field, both the synchrotron peak and cutoff will occur at higher frequencies for the DM case than the power-law (for WIMP masses above a few tens of GeVs). The weaker magnetic field means that the discrepancy becomes noticeable at a lower frequency. With the stronger field, however, the peak of the DM distribution rapidly shifts out of the window for considering the Ophiuchus mini-halo spectrum (we use a maximum possible extrapolation limit of 100 GHz to match the ngVLA and avoid considering emissions beyond that of synchrotron). The reason the discrepancy appears only at higher radio frequencies is the steepness of the inferred electron population which favours far stronger synchrotron emissions at lower frequencies, and these greatly exceed DM predictions. The mass dependence of Figs. 2 and 3 is also explained in this manner: the larger the WIMP mass the higher the electron energy cut-off and consequently the softer the synchrotron spectrum between 10 MHz and 100 GHz (note that for larger WIMP masses 1 TeV the synchrotron slope is positive in the studied frequency range) while the power-law derived case remains with a hard cutoff above O(1) GHz.
Although the technique used here is comparing the mismatch of the electron populations indirectly, it is only searching for excess emissions above the synchrotron spectrum predicted from the power-law distribution found in Murgia et al. (2010) . In addition, by fitting to mini-halo spectrum from Murgia et al. (2010) and limiting our extrapolation to a range explorable with the ngVLA we ensure that, although we are not directly comparing DM predictions to extant data points, our results are strongly grounded in empirical data.
CONCLUSIONS
We have demonstrated the potential of indirect DM probes that rely upon the comparison between the shapes of observed and predicted electron energy spectra. This is done using the Ophiuchus cluster where combined X-ray and radio data were used in Murgia et al. (2010) to determine a nonthermal electron population responsible for observed multifrequency emissions. Our results make use of spatial electron distributions, drawn from Werner et al. (2016) , which also inform our magnetic field profiles following Bonafede et al. (2010) , but we stress that this does not strongly affect our conclusions (indeed the results are slightly weaker than when just considering the volume averaged electron spectrum). In addition, because we consider the same magnetic field geometry (which was required to fit the mini-halo spectrum) applied to both observed and predicted electron populations we ensure the ability to actually compare electron spectra and also reduce the relative magnetic field uncertainty present in radio-frequency indirect DM searches. We note, however, that diffusive uncertainties will still have their full impact and we chose our diffusion scenario to produce conservative results.
The results we displayed showed that over a range of magnetic field profile choices we can produce results superior to the Fermi-LAT searches of dwarf galaxies Ackermann et al. (2015) ; Albert et al. (2017) over a very wide range of WIMP masses. Interestingly, our results have the potential to improve when the central field strength is weaker and we argue that this is because we are able to fully leverage the mismatch in synchrotron peak and cut-off frequencies in these cases. Importantly, for central field strengths below 5 µG, we can probe below the thermal relic cross-section for WIMP masses around 100 GeV in all the considered annihilation channels barring b-quarks. The improvement over Fermi-LAT is most marked at larger WIMP masses and for the leptonic annihilation channels, where order of magnitude advantages are obtained even in the worst-case magnetic field geometry. We stress that, although this technique depends on extrapolated synchrotron spectra, we have limited our extrapolation to frequencies and minimum fluxes that can be potentially probed by the ngVLA.
